Transition metal oxides have been extensively studied and utilized as efficient catalysts. However, the strongly correlated behavior which often results in intriguing emergent phenomena in these materials has been mostly overlooked in understanding the electrochemical activities. Here, we demonstrate a close correlation between the phase transitions and oxygen evolution reaction (OER) in a strongly correlated SrRuO3. By systematically introducing Ru-O vacancies into the singlecrystalline SrRuO3 epitaxial thin films, we induced phase transition in crystalline symmetry which resulted in corresponding modification in the electronic structure. The modified electronic structure significantly affect the electrochemical activities, so a 30% decrease in the overpotential for the OER activity was achieved. Our study suggests that a substantial enhancement in the OER activity can be realized even within single material systems, by rational design and engineering of their crystal and electronic structures.
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with lattice parameters of a o = 5.567, b o = 5.530, and c o = 7.845 Å, which can also be represented as a pseudocubic structure with a lattice parameter of a pc = 3.926 Å. 18 Epitaxial SRO thin films exhibit a structural phase transition induced by temperature, epitaxial strain, thickness, and/or vacancy concentration, which makes them suitable for the study of the relationship between fundamental physical properties and OER activities. [19] [20] [21] [22] In particular, a structural phase transition to a higher symmetry lattice, e.g., an orthorhombic to tetragonal transition, is observed with increasing entropy (temperature and/or defect concentration) of the system. 19, 23 In this communication, we demonstrate the close correlation between the crystalline symmetry, electronic structure, and OER activity, within the framework of strongly correlated transition metal (Ru 4d) and oxygen electronic states. In particular, an increase (decrease) in the unoccupied
Ru 4d e g (occupied O 2p) electronic state accompanies orthorhombic to tetragonal structural transition in epitaxial SRO thin films, which results in a substantial (> 30%) decrease in the overpotential for the OER.
In order to induce a phase transition in the crystal structure, we fabricated epitaxial SRO thin films on a single-crystalline SrTiO 3 (STO) (001) substrate at different oxygen partial pressure, P(O 2 ), using pulsed laser epitaxy. Fig. 1 shows the crystal structure of our SRO thin films. The thicknesses of the samples were fixed at ~30 nm (Fig. S1 , ESI †). The X-ray diffraction (XRD) θ-2θ scans in Fig. 1 (a) represent a monotonic increase of the pseudocubic c-axis lattice parameter (c pc ) with decreasing P(O 2 ). The lattice expansion originates from the increased Ru and O vacancies with decreasing P(O 2 ), as will be discussed later in more detail. Despite the introduction of elemental vacancies, all the SRO thin films are coherently strained to the STO substrate, as exemplified in the reciprocal space map around the (103) STO Bragg reflection, shown in Fig. 1(b) . All the thin films show good crystallinity, as indicated by the peaks in the rocking curve scans, with full-width-at-half-maximum (FWHM) values of < 0.02° (Fig. S2 , ESI †).
We observed an orthorhombic to tetragonal structural phase transition with a decrease in P(O 2 )
for our fully strained epitaxial SRO thin films. In particular, XRD off-axis θ-2θ scans show a clear distinction between the films grown at P(O 2 ) ≥ 3 × 10 -2 and ≤ 1 × 10 -2 Torr (Fig. S3 , ESI †). [23] [24] [25] [26] Fig. 1 (e) summarizes the calculated lattice parameters for the epitaxial SRO thin films grown at varying P(O 2 ) obtained by the above XRD analyses (Table S1 , ESI †). An abrupt change in the orthorhombic lattice parameters is observed across P c (O 2 ) = ~2 × 10 -2 Torr, which is the critical P(O 2 ) for the structural phase transition. Consequently, crystal structures for the epitaxial SRO thin films are schematically shown in Figs. 1(c) and 1(d), i.e., a distorted orthorhombic structure ( Fig. 1(d) ) for the films grown at P(O 2 ) > P c (O 2 ) and a tetragonal structure ( Fig. 1(c)) for the films grown at P(O 2 ) < P c (O 2 ), within the preserved perovskite framework. (The lattice parameters are redefined according to the crystal symmetry for each structure.)
The P(O 2 )-dependent orthorhombic-to-tetragonal phase transition is driven by the increased elemental vacancy concentrations within the SRO epitaxial thin films. We performed X-ray photoemission spectroscopy (XPS), which confirms a systematic and gradual increase of the Ru From the XPS spectra we clearly observe a systematic decrease in the Ru 3d spin-orbit doublets and an increase in the O vacancy states with decreasing P(O 2 ). (O 2 ) . Hence, the structural phase transition is not induced by abrupt changes in the vacancy concentrations. Instead, despite a small difference, when a critical amount of elemental vacancies is introduced, the energy of sustaining the orthorhombic structure becomes too high and the structure lowers the energy by transforming into a tetragonal structure. Theoretical calculation of the vacancy formation energy further supports the elemental vacancy engineering of the crystal structure. (Table S2, ESI †) Concomitant with the structural phase transition, we observed a substantial modification in the electronic structure of SRO thin films across P c (O 2 ). Fig. 3 shows optical spectroscopic results obtained by spectroscopic ellipsometry, which reflects the electronic structure near the Fermi level. The real part of the optical conductivity spectra, σ 1 (ω), (Fig. 3(a) ) clearly exhibits evolution of optical transitions with changing P(O 2 ), especially across the structural phase transition. SRO thin films typically show a Drude absorption at low photon energy, indicating metallic behavior.
In addition, four different peaks, labelled as α, A, β, and B at ~1.7, ~3.3, ~4.1, and ~6.2 eV, are attributed to Ru 4d t 2g → t 2g , O 2p → Ru 4d t 2g , Ru 4d t 2g → e g , and O 2p → Ru 4d e g optical transitions, respectively. 29, 30 In particular, the optical transition peaks A and B directly represent the quantitative hybridization strength between the Ru and O states. In order to extract individual parameters for each optical transition, we used the following Drude-Lorentz analysis,
where, e, m With the help of density functional theory calculation, we can further confirm that the electronic structure transition is predominantly associated with the crystal symmetry change. Fig.   4 shows the electronic density of states of the orthorhombic and tetragonal SRO. The overall features of the two phases are quite similar, reproducing all the expected optical transitions as indicated by the horizontal arrows in Fig. 4(a) . Moreover, essential differences in the predicted electronic structure are clearly observed, as indicated by the vertical arrows in Fig. 4 should be further noted that the elemental vacancies do not contribute significantly to the changes in the density of states when compared to the contribution made by the structural transition. The modification in the electronic structure in the epitaxial SRO thin films influences the electrochemical activity significantly. Fig. 5 shows the current density as a function of potential in reference to a reversible hydrogen electrode (RHE) for the SRO thin films in KOH solution.
Our cyclic voltammetry data for the orthorhombic SRO thin film (P(O 2 ) ≥ 3 × 10 -2 Torr) shows good agreement with a recent study on epitaxial SRO thin films. Chang et al. described the current enhancement in the cyclic voltammetry mainly due to the OER activity in SRO, separately confirmed by rotating ring disk electrode (RRDE) experiments on Ru metal. 9 Furthermore, a lower onset potential value (< 1.25 V) has been observed in our tetragonal SRO, which is close to the calculated thermodynamic equilibrium potential value (1.23 V). 14 The extremely low overpotential let us consider partial contribution from transient anodic current based on the oxidation of the SRO thin film itself. However, from cyclic voltammetry at low potential, XRD, XPS, inductively coupled plasma-mass spectroscopy (ICP-MS), and chronoamperometic measurements, we confirmed that both orthorhombic and tetragonal SRO thin films are stable at least up to 1.3 V, which is well above the onset potential of OER (Figs.
S8-S12, ESI †). Although more transient behavior due to the dissolution of the material could be observed as we further increased the potential, such behavior did not occur at low potential range.
The OER behavior can be clearly distinguished between the orthorhombic and tetragonal SRO thin films. The cyclic voltammetry curves can be easily categorized into two groups, i.e., the tetragonal SRO thin films exhibit a lower onset potential, indicating a higher OER activity, compared to the orthorhombic SRO thin films. These results clearly demonstrate that the crystal and/or electronic phase transition is responsible for the remarkably enhanced OER activity, on top of the more gradual improvements possibly due to vacancy incorporation in the thin films. In addition, we have observed a reproducible pre-peak in the cyclic voltammetry below the onset of the OER. While its exact origin is not currently understood, 33,34 the pre-peak is specific for the orthorhombic (~1.12 V) and tetragonal (~1.04 V) SRO thin film catalysts, further suggesting a correlation between the electronic structure and catalytic activity. The inset of Fig. 5 shows that the overpotential for the film grown at high P(O 2 ) (3 × 10 -2 Torr) is 0.233 V, while that for the film grown at low P(O 2 ) (1 × 10 -2 Torr) is 0.154 V. Therefore, a 30% reduction in the overpotential is achieved with the concomitant structural and electronic phase transitions in SRO thin films.
We provide further experimental evidence to support that the significant decrease in the overpotential is due to the change in the electronic structure.. First, we provide the electric resistivity as a function of temperature ( Fig. S5 , ESI †). Interestingly, the resistivity increases with increasing defect concentration (decreasing P(O 2 )), which is the opposite trend to the increasing current density observed in the alkaline solution. Therefore, the decrease in the overpotential for the tetragonal SRO in KOH solution cannot be attributed to a more conducting sample, and is indeed due to the enhanced chemical activity. Second, the orthorhombic and tetragonal SRO epitaxial thin films show comparable structural and surface quality, as shown in Fig. S2 (ESI †).
The rocking curve scan indicates the excellent crystallinity of the samples, and the atomic force microscopy (AFM) topography images show the single unit cell step-and-terrace structure of the substrate, which is well-preserved even after thin-film growth, for the samples grown just above and below P c (O 2 ). The rms roughness values obtained from the topographic images are also comparable. The XRD θ-2θ scans also show prominent thickness fringes for the SRO films grown down to P(O 2 ) = 1 × 10 -2 Torr, which is below P c (O 2 ), indicating that the surface structural quality is not the main factor for the enhancement of the OER activity in the tetragonal SRO thin films. Moreover, since we do not observe any abrupt increase in the Ru and O vacancy concentrations (Fig. 2) , the modification in the electronic structure the best natural explanation for the enhanced catalytic activity in the tetragonal SRO thin films.
The simplified schematic band diagrams in the inset of Fig. 5 illustrates the essential modification in the electronic structure that should be associated with the change in observed electrochemical activity. We specifically note that the hybridization strength between the Ru and O states within the SRO thin films can substantially influence the OER activity. Indeed, metaloxygen hybridization in 3d transition metal oxides has been recently proposed as an important factor in determining the electrocatalytic activity. , and OOH * and the surface transition metal ions. 37, 38 As the A peak in the optical spectroscopy is a straightforward measure of the hybridization strength, the tetragonal SRO thin film has lower hybridization strength compared to the orthorhombic thin film. The reduced hybridization within the RuO 6 octahedra can facilitate the formation of the chemical bonding between the Ru and the adsorbate molecules. In addition, the increase in the unoccupied e g state might indicate the easier formation of more oxidized (unstable) active Ru site, which could further facilitate the activity. 9 A recent scanning tunneling microscopy study also underscored the important role of the RuO 6 octahedra for understanding water molecule adsorption at the ruthenate surfaces. 39 In particular, the structural flexibility or "rigidity" of the octahedra in perovskite oxides was identified as the key factor influencing molecular adsorption. The exact difference between the orthorhombic and tetragonal SRO surfaces at the molecular level is yet to be discovered, in terms of difference in bonding character and possible surface superstructures. Nevertheless, the effect of structural and electronic modification on the surface chemistry and reactivity in a single-material system has been clearly demonstrated.
Conclusions
In conclusions, we have studied the close correlation between the crystalline symmetry, electronic structure, and OER activity of single-crystalline SrRuO 3 thin films. A critical oxygen partial pressure of ~2 × 10 -2 Torr during the pulsed laser epitaxy growth clearly divided the grown epitaxial thin films into two groups, i.e., orthorhombic and tetragonal phase for high and low pressure growth, respectively. The elemental-vacancy-induced phase transition in the crystalline lattice accompanied a change in the electronic structure. The modification of the electronic structure affected the electrocatalytic activity substantially, reducing the overpotential of the OER by more than 30%. Our approach provides an effective framework for discovering an appropriate descriptor for different chemical activities, and can be applied to other strongly correlated transition metal oxide catalysts. Spectral weight (W s ) evolution of the Lorentz oscillators as a function of P(O 2 ). With decreasing P(O 2 ), W sA and W sB decrease, while W sβ increases. In particular, W s for most transitions shows an abrupt change at P c (O 2 ) = ~2 × 10 -2 Torr, indicating a transition in the electronic structure. The vertical distance between the target and the substrate was fixed to 65 mm. Crystalline structures of the thin films were determined using high-resolution X-ray diffraction (XRD, Rigaku SmartLab). The thicknesses of films were fixed at ~30 nm, as measured by X-ray reflectometry (XRR) (Fig. S1(a) ). Table S1 shows the calculated lattice parameters of SrRuO 3 thin films on SrTiO 3 substrates grown at various P(O 2 ). Table S1 . Lattice parameters of SrRuO 3 thin films grown at various P(O 2 ).
X-ray photoemission spectroscopy
The chemical structure was studied at room temperature using XPS (Theta Probe, Thermo)
with a monochromated Al-Kα X-ray source (hν = 1486.6 eV). The step size was 0.1 eV at a pass 
Theoretical calculation
The calculations were performed using the projector augmented-wave method 7 and the generalized gradient approximation exchange-correlation functional 8 with a Hubbard-U correction, as implemented in the Vienna ab initio simulation package. 9 The electronic wave functions were described using a planewave basis set with an energy cutoff of 400 eV. A rotationally invariant +U method 10 was applied to the Ru 4d (U eff = 2.1 eV) orbitals, the value for which was used in previous literature. 11, 12 The calculations for vacancy defects in SrRuO 3 were performed using 160-atom supercells. The wavefunctions were expanded in a plane-wave basis set with an energy cutoff of 400 eV, and integrations over the Brillouin zone were carried out using the 442 k-point mesh. The atomic coordinates were relaxed until the force acting on each atom was reduced to less than 0.05 eV Å -1
. The formation energy of each vacancy was evaluated by the equation in a reference, 13 by considering the secondary phases of SrO and RuO 2 . As an estimate for the sample growth, we set the oxygen chemical potentials (μ O ) to -1.39 and -1.58 eV, corresponding to P(O 2 ) values of 10 -1 and 10 -3 Torr, respectively at a temperature of 700 °C.
Theoretical calculation of the vacancy formation energy supports the elemental vacancy engineering of the crystal structure. As shown in Table S2 , vacancies are likely to form in the tetragonal SrRuO 3 , and the RuO vacancy may predominantly prevail due to it having the lowest formation energy, which is consistent with the spectroscopic observations. For an orthorhombic structure, the formation of the vacancies would be relatively suppressed since the formation energy is much higher compared to that of tetragonal SrRuO 3 . and RuO vacancies spontaneously form in the tetragonal SrRuO 3 thin films, while the formation energy in the orthorhombic structure is positive for all the types of defects studied.
In order to estimate the contribution of defects compared to that of the structural phase transition, we calculated the density of states (DOS) of stoichiometric orthorhombic SrRuO 3 ( Fig.   S4(a) ), stoichiometric tetragonal SrRuO 3 ( Fig. S4(b) ), and RuO defect-induced tetragonal Sr 32 Ru 31 O 95 (Fig. S4(c) ). The main modifications in the electronic structure indicated by optical spectroscopy are represented by red and green arrows: The occupied O 2p level decreases (red) and the unoccupied Ru 4d e g level increases (green) when the crystal structure changes from orthorhombic to tetragonal. Interestingly, the DOS of the stoichiometric (Fig. S4(b) ) and the RuO deficient ( Fig. S4(c) ) tetragonal SrRuO 3 have the same features in terms of the main electronic structure, indicating that the structural phase transition is a crucial factor for the electronic structure modification in the SrRuO 3 grown at low P(O 2 ). In other words, elemental vacancies do not sufficiently contribute to changes in the electronic structure. 
Resistivity measurements
Resistivity as a function of temperature, ρ(T), was measured using a low-temperature closedcycle refrigerator (ARS-4HW, Advance Research Systems). The measurements were performed from 300 to 20 K, using the Van der Pauw method with In electrodes and Au wires. . The trends of the OER activity between the orthorhombic and tetragonal SrRuO 3 thin films were the same, independent of the sweep rate.
Note that the potential is shown vs. a reversible hydrogen electrode (RHE).
In order to confirm that the large increase in the current level in cyclic voltammetry originates indeed from OER, we performed several additional experiments. First, as shown in Fig. S7 , we confirmed that the Nb:SrTiO 3 substrates do not affect the OER activity of SrRuO 3 thin films.
Second, we measured several cyclic voltammetry curves at different potential sweep range to confirm the stability. thin films before and after the initial stability test, respectively. show negligible amount of dissolution of the sample both orthorhombic and tetragonal structure when the potential is applied up to 1.3 V, which is clearly higher than the onset potential of OER. Time (s) 
